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I N T R O D U C T I O N  
Warner L.. Stewart 
The shuttie concept as currently envisioned includes vehicle reuse for 
cost effectiveness and a semi-ai rl ine operating mode. Such characteristics 
result in the requirement for a third propulsion system (in addition to main 
and auxi 1 iary) to provide for vehicle return and recovery. The airbreathing 
gas t-I-bine engines thus employed would provide three principal functions 
(a) return cruise and landing gl ide-path control, (b) emergency go-around, 
and (c) vehicle ferrying. 
Unique requirements for the shuttle mission result in non-conventional 
features for the ai rbreathing engines. The sensitivity of payload to 
inert weights has resulted in the consideration of hydrogen as the fuel and 
a desire for reduction in engine weight. Further, deviations from conven- 
tional engine internal design wi 1 1  be requi red to accommodate the new oper- 
ating envi ronments. This presentation w i  1 : review some of the engine 
features and problem areas and then discuss those areas that are of 
greatest concern. 
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TYPiCAL BOOSTER AiRBREATHlNG FLIGHT PROFILE 
A f t e r  s tag ing ,  r h e  boos re r  r e e n i e r 3  :he a i m o ~ ~ h e r e  *hour 150 io 450 
n a u t i c a l  m i l e s  away f rom i t s  l i f t o f f  (and l a n d i n g )  s i t e .  The a i r b r e a t h i n g  
engines a r e  s t a r t e d  a t  an a l t i t u d e  o f  about  35,000 fee t ,  and t h e  v e h i c l e  
c r u i s e s  back a t  an a l t i t u d e  o f  about 20,000 f e e t  and a  Mach number o f  
.4 t o  .5. The eng ines a r e  s i z e d  t o  meet t h e  c r u i s e  requ i rement  and t h i s  
g i v e s  them enough t h r u s t  t o  p r o v i d e  go-around as w e l l  as s e l f - f e r r y  
capabi  1 i t y .  The l e n g t h  o f  t h e  f l i g h t  t ime, wh ich approaches two hours,  
makes t h e  f u e l  consumpt ion a  ma jo r  c o n s i d e r a t i o n  f o r  eng ine s e l e c t i o n .  

TYP I CAL ORB1 TER AI RBREATHI NG FLIGHT PROF1 LE 
A f t e r  de -o rb i  t ing,  t h e  o r b i t e r  v e h i c l e  descends unpowered towards 
i t s  l a n d i n g  s i t e .  The a i r b r e a t h i n g  eng ines  a r e  s t a r t e d  a t  an a l t i t u d e  
o f  abou t  20,000 fee t ,  and t h e  v e h i c l e  makes a  power -ass i s ted  descent  
and l and ing .  A t  p resen t ,  go-around and s e l  f - f e r r y  capab i  1 i t y  a r e  r e q u i  red, 
and i t  i s  t h e s e  requ i remen ts  t h a t  s i z e  t h e  engine.  S i n c e  t h e  eng ine  
o p e r a t i n g  t i m e  i s  v e r y  s h o r t ,  about 15 minutes ,  i t  i s  t h e  eng ine  w e i g h t  
t h a t  i s  a  m a j o r  c o n s i d e r a t i o n  f o r  eng ine  s e l e c t i o n .  
I f  s e l  f - f e r r y  and go-around requ i remen ts  can be de le ted,  wh ich  i s  
a  c u r r e n t  c o n s i d e r a t i o n ,  a  s i g n i f i c a n t  we igh t  r e d u c t i o n  may r e s u l t  f r o m  
t h e  accompanying r e d u c t i o n  i n  t h r u s t  requ i rement  o r  p o s s i b l e  e l i m i n a t i o n  
o f  t h e  eng ines .  However, any pay load  g a i n  must be  c a r e f u l  l y  he ighed  
a g a i n s t  m i s s i o n  s a f e t y  c o n s i d e r a t i o n s .  

E N G I N E  REQUIREMENTS .- 
Except f o r  t h e  common use o f  hydrogen f u e l ,  t h e  eng ines  f o r  t h e  
boos te r  and c!?e c r b i  t e r  v e h i c l e s  have s i q n i  f i c z n t l  y d i f f e r e n t  r e q u i  r e -  
ments. The b o c s t e r  engines must p r o v i d e  high::. tc;+:-.; i n ; - ~ ~ ;  and l o n g e r  
1 i f e  t h a n  t h e  o r b i t e r  engines, b u t  t h e  w e i y h t  o f  t h y  L---l::5:zr eng ines 
does n o t  a f f e c t  pay load as c r i t i c a l l y  as does t h e  weich: o f  t h e  o r b i t e r  
engines.  These d i  f f e r t l ~ ~ z s  i n  r e q u i  rernents t o g e t h e r  w :  :'I t h e  p r e v i o u s 1  y  
shown d i f f e r e n c e s  i n  m i s s i o n  i m p l y  t h a t  optimum =r.2!1-;? c y c l e s  f o r  t h e  
b o o s t e r  and t h e  o r b i t e r  weald be d i f f e r e n t .  I n  aL.  :ion, t h e  o r b i t e r  
eng ine  r e q u i r e s  p r o t e r  , ion a g a i n s t  extended space vacuum and tempera tu re  
exposure w h i l e  t h e  b o o s t e r  eng ine does not .  

EXAMPLE EFFECTS OF FUEL TYPE AND ENGINE WEIGHT 
For a t y p i c a l  booster  mission, t he  amount o f  hydrogen requ i r ed  
would be about 40,000 pounds less  than t he  amount o f  JP fue l .  Th is  
d i f f e r e n c e  i n  f u e l  weight  r e f l e c t s  a  payload ga in  o f  about 8,000 
pounds when us ing  hydrogen. For t he  o r b i t e r  m iss ion  w i t h  i t s  much 
sho r t e r  ope ra t i ng  time, the  approx imate ly  2,000 pound savings i n  
f u e l  d i r e c t l y  corresponds t o  a  2,000 pound payload gain. Thus, t h e  
use o f  hydrogen as t he  fuel ,  w h i l e  y i e l d i n g  payload ga ins f o r  bo th  
vehic les,  i s  e s p e c i a l l y  a t t r a c t i v e  f o r  t h e  booster.  
I f  t he  th rus t - to -we igh t  r a t i o  o f  t he  o r b i t e r  engine cou ld  be 
doubled, then even w i t h  a doubl ing o f  t he  f u e l  consumption, t he re  
cou ld  r e s u l t  a  pay icad ga i n  o f  about 5000 pounds. For t h e  booster,  
i t  can be seen t h a t  such a t r ade  would y i e l d  a  l a r g e r  increase i n  
f u e l  weight  than would be t h e  decrease i n  engine weight.  Such a  
t h rus t - t o -we igh t  r a t i o  in~proveinent cou ld  poss i b l y  be achieved w i t h  
advanced t u r b o j e t  engines c u r r e n t l y  be ing s t ud i ed  f o r  VTOL appl i ca -  
t i on .  However, t h i s  t ype  o f  engine i n  t h e  s i z e  range requ i red  f o r  t h e  
s h u t t l e  i s  not under developinerlt a t  present.  

CONSlDERATlON OF ENGINE COMMONALITY 
I t  was s t a t e d  p rev i ous l y  t h a t  optimum engine cyc les  would p robab ly  
d i f f e r  f o r  t he  boos te r  and t he  o r b i t e r .  For the booster, t u rbo fan  
engines o f  h igh  bypass r a t i o  would y i e l d  t h e  des i red  low f ue l  consumption. 
However, o t h e r  cons iderat ions,  such as f r o n t a l  area, extend downward 
t he  range o f  bypass r a t i o s  t o  be considered. For t he  o r b i t e r ,  h i gh  
t h rus t - t o -we igh t  r a t i o  engines such as t u r b o j e t s  o r  low bypass r a t i o  
tu rbo fans  a r e  considered. 
As i nd i ca ted  i n  t h e  f i gu re ,  t he re  i s  some ove r l ap  i n  the  bypass 
r a t i o  ranges be ing considered f o r  each mission. Thus, t he  bypass r a t i o  
range o f  about . 5  t o  2 would be the  area o f  i n t e r e s t  f o r  a  common 
engine f o r  both veh ic les .  Whi le a  common engine probably  would no t  be 
optimum f o r  e i t h e r  mission, t h e  performance pena l t y  might  not be too 
severe and t he  monetary savings would be q u i t e  s i g n i f i c a n t .  AS seen 
from t h e  i nd i ca ted  t h r u s t  requirements, t h e  use o f  a  common engine would 
r e s u l t  i n  t h e  booster  r e q u i r i n g  a t  l e a s t  tw i ce  t h e  number o f  engines 
as t h e  o r b i  t e r .  

TECHNOLOGY AREAS 
I n  cons ider ing  t he  s h u t t l e  m iss ion  and engine requirements, we f i n d  
t ha t  t he re  a re  several  new techno!ogy areas t h a t  must be explored be fo re  
a  f i r m  design can be estab l ished.  Experience w i t h  hydrogen f u e l  systems 
f o r  j e t  engines has been very  1 imi ted.  Wi th  rocke t  engines, f o r  which 
t h e r e  i s  cons iderab ly  more experience, t h e  ope ra t i ng  t ime i s  o n l y  a  
mat te r  o f  minutes as compared t o  t h e  severa l  hundred hours r equ i r ed  f o r  
t he  s h u t t l e .  The payload ga in  assoc ia ted  w i t h  engine weight r educ t i on  
1 eads t o  t h e  des i r e  t o  exp lo re  l ightweight -engi  ne techniques and mater i a l  s. 
The launch loads and v i b r a t i o n  and the  space vacuum and temperature 
environments r e q u i r e  t h a t  examinat ion  be made o f  assoc ia ted problems 
w i t h  mate r ia l s ,  s t r uc tu res ,  bearings,, and l u b r i c a t i o n  system. 

AIRCRAFT 1~1ITti PUMP-FED L l Q U k  HYDROGEN FUEL SYSTEM 
J e t  eng ines  have been r u n  on a t e s i  b a s i s  u s i n g  hydrogen f u e l .  
T h i s  figu1.e shows a B-57 a i r p l a n e  t h a t  was used fo r  such a  purpose a t  
Lewis  Research Center  i n  t h e  mid  1950s. M o d i f i c a t i o n s  were made such 
t h a t  t h e  eng ine c o u l d  be run  o n  hydrogen f u e l  d u r i n g  a l t i t u d e  f l i g h t .  
Success fu l  o p e r a t  i o n  was ach ieved.  

C h a r l e s  L. J o s l i n  
Experience with hydrogen a t  P r a t t  & Whitney A i r c r a f t  began i n  1956. 
I n  1957 the  5-57 engine was converted t o  hydrogen fue l .  The fac ing  photo- 
graph shows the converted engine a t  t he  top compared wi th  the  s tandard 
JP fueled 5-57. The sho r t e r  l ength  of the  modified ve r s ion  i s  due e n t i r e l y  
t o  the  a f te rburner  being shortened t o  take advantage of the b e t t e r  burning 
c h a r a c t e r i s t i c s  of hydrogen. 

This photograph shows the t a i l p i p e  of the  converted 5-57 engine 
opera t ing  on hydrogen f u e l  a t  f u l l  a f ~ e r b u r n i n g  t h rus t .  Although the  
a f t e rbu rne r  gas temperature i s  approximately 4150°~ ,  the  a f t e rbu rne r  case  
i s  cold s i nce  i t  i s  regenera t ive ly  cooled with hydrogen. 

Rela t i ve ly  small increases  i n  tu rb ine  i n l e t  temperature can s i g n i f i -  
c an t l y  improve engine performance. This f i gu re  i l l u s t r a t e s  t he  magnitude 
of t h i s  e f f e c t  on a t y p i c a l  mixed flow turbofan engine. The higher  
temperature improves engire thrust- to-weight  r a t i o .  I f  the engine i s  
augmented, increased t u rb ine  temperature a l s o  improves s p e c i f i c  f u e l  
consumption. I f  t he  engine i s  non-augmented, t he  s p e c i f i c  f u e l  consumption 
increases  s l i g h t l y .  

The Space Shu t t l e  r equ i r e s  considerably l e s s  engine s e rv i ce  l i f e  
than a  convent ional  a i r c r a f t .  Reduced l i f e ,  i n  turn,  permits  increased  
turb ine  opera t ing  temperature. This c h a r t  shows the approximate rnagrritude 
of t h i s  e f f e c t  f o r  a  t y p i c a l  mixed-flow turbofan engine, based on repre-  
s e n t a t i v e  duty cyc l e s  f o r  t he  Space Shu t t l e  booster  and o r b i t e r .  

The use of hydrogen f u e l  introduces the p o s s i b i l i t y  of r a i s i n g  t he  
tu rb ine  i n l e t  temperature by cool ing the  tu rb ine  cool ing a i r .  The fac ing  
c h a r t  i l l u s t r a t e s  the  t r ade -o f f s  assoc ia ted  with t h i s  technique. 
Reducing the  amount of cool ing a i r  improves s p e c i f i c  f u e l  consumption 
while  increas ing  turb ine  temperature r a i s e s  thrust- to-weight  r a t i o .  Both 
of these e f f e c t s  reduce engine-plus-fuel  weight,  but a  hea t  exchanger i s  
required and t h i s  increases  weight. The proper t rade-of f  should produce 
a  n e t  gain f o r  the  mission. 


HYDROGEN FUEL SYSTEM 
Will iam R. Co l l i e r  
The major modif icat ion necessary t o  adapt a i rbrea th ing  engines t o  the  Space 
Shu t t l e  requirements i s  the conversion t o  cryogenic hydrogen f u e l .  NASA 
has a  technology program t o  design and eva lua te  a  hydrogen f u e l  system which 
w i l l  culminate i n  opera t ion  of a  585 engine on hydrogen f u e l  i n  1971. The 
program w i l l  encompass t he  key development a r ea s  of pumping, r egu la t i on  and 
metering of flow l e v e l s ,  and t r a n s i e n t  i nves t iga t ions .  
While t he  ac tua l  combustion of hydrogen f u e l  i s  expected t o  be a  rou t ine  
development, a  number of problems e x i s t  i n  supplying, metering and de l ive r -  
ing the  f u e l  i n  t he  proper s t a t e  and quan t i t y  f o r  combustion. The f u e l  i s  
assumed t o  be supplied from the  tank i n  the  l i q u i d  phase, and a t  s u f f i c i e n t  
pressure  a t  the  main pump i n l e t  t o  prevent c a v i t a t i o n .  
The c h a r a c t e r i s t i c  low s t a r t i n g  f u e l  flovr of a  t u rbo je t  o r  turbofan engine 
neces s i t a t e s  a  high pump turndown r a t i o ,  40:l.  This requirement coupled with 
a  f a s t  response places a  s t r i n g e n t  demand on the f u e l  supply system. A vane 
pump with var iab le  speed dr ive  i s  capable of de l iver ing  higher  pressure  i n  the  
low flow range than the  more conventional cen t r i fuga l  pumps. I t  is ,  however, 
recognized t h a t  l i t t l e  o r  no experience e x i s t s  on vam pumps-pumping cryogenic 
f u e l s ,  and thus o ther  types of pumps a r e  a l s o  being s tudied .  
E LL. .3= W I 
Control  main f u e l  pump discharge i s  ob ta ined  by enc los ing  the  pump i n  a  
c losed  servo-loop, wi th  pump s h a f t  speed regula ted  t o  maintain t h e  
discharge pressure  a t  t h e  cons tan t  re fe rence  l e v e l .  
The he a t  exchanger i s  planned t o  provide s u f f i c i e n t  h e a t  add i t i on  t o  t h e  
f u e l  t o  a s su r e  t h a t  i t  w i l l  be gaseous a s  i t  e n t e r s  the  metering valve 
and w i l l  be designed f o r  s u p e r c r i t i c a l  p ressures  t o  achieve a  more 
p r ed i c t ab l e  h e a t  t r a n s f e r  c o e f f i c i e n t .  
The metering valve i s  designed f o r  p r ec i s e  flow con t ro l  and f o r  a ccu ra t e  
flow measurement. Area i s  var ied  a s  a  f unc t i on  of t h e  p o s i t i o n  of a  f i x e d  
a r ea  plug which i s  pos i t ioned  along t he  a x i s  of t h e  valve.  The plug, o r  
p i n t l e ,  i s  c o n t r o l l e d  e l ec t ro -hyd rau l i c a l l y  wi th  t h e  p o s i t i o n  measured and 
f e d  back b y  a  l i n e a r  va r i ab l e  d i f f e r e n t i a l  t ransformer,  (LVDT). The ga s  
flow is  then  c a l c u l a t e d  from measured ga s  temperatures  and pressures  by t he  
e l e c t r o n i c  computer and employed a s  a  feedback s i g n a l  i n  t h e  f u e l  flow 
c o n t r o l  loop.  The metering valve a r ea  is  t hus  c o n t r o l l e d  t o  maintain engine 







LH2 FUELED TURBOFAN 
DUMP VALVE 
The need f o r  t he  space s h u t t l e  t o  opera te  on cryogenic hydrogen f u e l  
p laces  a new s e t  of requirements on tbc engine cnmbustion system. Ko 
major problems a r e  foreseen  i n  burning hydrogen. Combustor s ec to r  
t e s t i n g  and f u l l  s ca l e  t e s t i n g  of t he  585 engine on gaseous hydrogen, 
a s  low a s  -244OF, have i nd i ca t ed  smooth s t a r t s  and s t a b l e  ope ra t i on .  
S l i d e  3 i s  a photograph of a hydrogen f u e l  i n j e c t o r  used i n  t he  585 
engine t e s t  f o r  2 hours and 45 minutes.  
The h igh  r e a c t i v i t y  of t he  f u e l  w i l l  i n  genera l  improve l i gh t -o f f  and 
s t a b i l i t y  l i m i t s ,  but i t  w i l l  a l s o  n e c e s s i t a t e  modif icat ion of the  
combustor l i n e r  t o  introduce more cool ing a i r  i n  t he  primary combustion 
zone. The reduced luminosi ty of t he  hydrogen flame w i l l  reduce r a d i a t i o n  
t o  t he  combustor l i n e r  so  t h a t  some reduc t ion  i n  metal temperatures may be 
expected,  improving p a r t  l i f e .  

C h a r l e s  L. J o s l i n  
The marriage of the engine t o  t he  Space Shu t t l e  veh ic le  in t roduces  
a  v a r i e t y  of i n t e r f a c e  cons idera t ions .  Of major importance t o  the  v e h i c l e  
manufacturer,  i s  t he  pos i t i ve  suc t i on  pressure  t h a t  must be provided a t  
the i n l e t  t o  the  engine f u e l  pump. As can be seen i n  t h i s  c h a r t ,  the  RLlO 
rocke t  engine hydrogen f u e l  pump has been success fu l ly  operated with zero  
suc t i on  head when l i qu id  .was provided a t  the  pump i n l e t .  

Another important i n t e r f a c e  requirement i s  the cooldowr~ flow t h a t  must 
be provided to the  engine. As can be seen i n  t h i s  f i gu re ,  an increase  i n  
ne t  p o s i t i v e  suc t ion  pressure  (poss ib ly  i n  conjunction wlth o the r  techniques) 
can minimize c o o l d o ~ n  time. There appears t o  be  a t rade-off  between boost  

































This f i gu re  shows the Baljk p l o t .  I n  i t ,  ~ a l j k  has  co r r e l a t ed  t h e  
bes t  of the var ious  types of pumps i n  terms of s p e c i f i c  speed and s p e c i f i c  
diameter.  The c i r c l e  shows the region which appears t o  apply t o  the  space 
s h u t t l e  a i rb r ea th ing  engine. A s  can be seen, both t he  vane type p o s i t i v e  
displacement pump and t he  cen t r i fuga l  pump may be candidates .  

This figure shows scklematics of representative positive displacement 
puinps. 'The positive displacement pump 'ria.-: some ci~aracter f.s t Lcs that are 
attractive for Space Shuttle applicati.oi~, Iiowever, no flight type cryo- 
genic positive displacement pump has ever been developed. 
SPLACEMENT PUMP TYPES 
a. Gear Pump-External 
Inlet 
Vane R 
b. Balanced Rotor Vane Pump 
Out 
c. Bent Axis Piston 
This f i gu re  i s  a  schematic of a  t y p i c a l  modern cryogenic c e n t r i f u g a l  
pump. The experience t h a t  has  been gained with cen t r i fuga l  hydrogen pumps 
provides a  sound base f o r  the Space S h u t t l e  engine f u e l  system. 

In t h i s  cha r t  the  f u e l  flow requirements of the J T 9 D  turbofan engine 
a r e  p lo t t ed  aga ins t  t y p i c a l  centr i fugal .  pump c h a r a c t e r i s t i c s ,  Because of  
the  wide flow range requi red ,  the  pump may be opera t ing  i n  o r  near  s t a l l  
a t  t he  high al t i tude-low f u e l  flow condi t ions .  
FLOW - gpm 
Previous hydrogen pmps  have been developed f o r  rocke t  engines wi th  
very low l i f e  requirements compared t o  an a i rb r ea th ing  engine. Although 
the s e rv i ce  l i f e  of the Space Shu t t l e  a i rb r ea th ing  engines has no t  been 
spec i f ied  y e t ,  a 250 t o  500 hour l i f e  requirement f o r  t he  engine may mean 
t h a t  the f u e l  pump should have a l i f e  of 500 t o  1000 hours.  This i n t ro -  
duces a new a rea  of hydrogen bearing technology, a s  can be seen i n  the 




























HOLLOWED BALL B E A R I N G S  
W a r n e r  L. S t e w a r t  
Severa l  advanced bear ing  concepts  f o r  ope ra t  i o n  i n  a  c ryogen ic  
environment a r e  be ing  s t u d i e d  a t  Lewis Research Center.  These b e a r i n g  
concepts  have p o t e n t i a l  a p p l i c a t i o n  f o r  b o t h  t h e  main r o c k e t  eng ine 
pumps and t h e  a i r b r e a t h i n g  eng ine f u e l  pump. Be ing s t u d i e d  a r e  a  s e l f -  
l u b r i c a t i n g  concept  u s i n g  lead-coated r e t a i n e r s  and a  concept u s i n g  
h o l l o w  ( d r i l l e d )  b a l l s  as shown i n  t h i s  f i g u r e .  T h i s  t y p e  o f  b e a r i n g  
w i t h  o i l  l u b r i c a t i o n  has been run  a t  3 m i l l i o n  DN f o r  a p e r i o d  o f  4 hours. 
Test  i ng i s  b e i n g  cont inued.  

L,indsay 6. Dawson 
The Tacin, Ciagram i i ~ d i c a t e s  tile value of  apply: fig l i f t  
engine t e c h r ~ o l o ~ y  i;o the Orbitor veiljcle ,;as tui-bine en,,ines. 
A savin, of ~2 t o  94 i n  i f i s ta l lef i  en,ine and f u e l  :;eight would 
a3pear 2ossible as cornpared sri'cil aclvancea m j l i t a r - ~  and c i v i l  enzine 
t ethnology. 
I n  t h e  case of the  Orbi ter  t h i s  saving i s  d i rec t ly  recoverable as 
payload. 
I n  tile case of tile d o ~ s t e r  low speci f ic  c o * ~ s u n p t i ~ n  c i v i l  en;,ine 
techrioloiy resu l t s  i n  a lower t o t a l  engine and i'uel crei5i:ilt due t o  tine 
lon:,er duration of the  3otsster c ru i se  mission. 
Furtller hprove~nents GO tile i n s t a l l e d  weight can be e x ~ e c t e d  by 
the  a p l ~ l i c a t i o n  of short  l i f e  efi,_ine tech1,olo. y to tiiese en,ines. 

Y ; , i s  p i c tu re  shovrs tile exte:!sive use of f i b r e  , l a s s  cor!l_losite 
jnate~rial ir,  t:ie ia.idr lj.ft ey!:;ine. Compresnor blading, s ta tor .  
czsillgs, ~ ' l ' o r ~ t  bear ing  ;:ousing, ii-:tslre fail ' ing, i d e t  g , i~ ; . e  valles 
and 1'1-ont irearh;; I ousicg 05.1 iVesevoj.r, a r e  a l l  constzucted. oi' 
com~>osite material.  The s t a t o r  case i s  i n  two lialves joiiieZ by 2. 
renewable c l a s s  FYo r e  bal~iiage. 

li'lle char t  illu.s'cra.tes tlie ~jo"iiitic1 ~ - ~ s i . ~ , . t  1-ed.uc'iion obtained 
by deleti!., -i;ilcse f'ectures 02 a com!>ercj.al l"ai:je'i i:;.ich nzy not be 
reciul; re11 i'or ,>;,ace s ; . l l t t le  opei-ation, 
I i ~ 1 " s t  b a r  3.nilicates tlie basic ei7xine s e i d l f l l e s s  i r ~ s . t a l i a t i o n  ')'he " 
feet--esj f o r  il!j . t ial e ir1ir .e  su??ly e!ld includes tj.i;a.niwil furi blades. 
The secol-d b a r  i s  our da'c~w! i'or Space S l ~ ~ t - t t l e  applica.l;ioi~ ar~cl i s  
tile evenJcual a5.rl.ine bas i c  e i ~ ~ i n e  s t a ida rd  with ' i ~ r f i l  Pan blacies. h'rom 
t h i s  dat>x: we S . l lus t ra te  a progressive meigii'c l - e a ~ ~ c t i o n  by eli~!ij.nating 
suci, f e a t u r e s  a s ,  f u l l  blade contaiuu:lent, d e s i ~ u  f o r  long I3.f'e cor!lj;!ercial 
o?erbtioi:, a ircro.f t  accessory (;rives, f u e l  syste;ils, :~:o:..v.lar construct ion,  
cabin 0%-takes etc. 
108% 
DATUM 
l N lTlAL A! RLI NE 
STANDARD OF WITH HYFIL 






CONTAI NME NT 
DELETED 



















P m E N T l A L  W E I G H T  S A V I N G  FOR SPACE SHUTTLE A P P L I C A T I O N  
BASED O N  R B  211 E N G I N E  
CS- 54848 
The IIyfi l  Rb.211 f a n  b lade  has an  a e r o f o i l  span oC 
approxj.mately 30 in. and weighs 10,6 lb .  
The a e r o f o i l  has a  metal f o i l  reinf'orced leading  edge 
because of hard objec t  and b i r d  inges t ion ,  and t h e  blade f l anks  
a r e  e ros ion  coated. 
The a e r o f o i l  i s  c a r r i e d  on a s ing le  cilmed dove ta i l  root. 

The f!yf'il  b lade i s  b u i l t  up from shaped laminates 
stamped out of I l y f i l  sheet  material ,  IBost 01' t h e  laminates have 
the  carbon f i b r e s  running i n  t h e  spanwise d i r ec t ion ,  thou& some 
have the  carbon f i b r e s  angled. 
The pack of laminates ( inc luding  t h e  metal f o i l )  i s  d i e  
moulded t o  produce the  f in i shed  a e r o f o i l  blade shape. 

The Hyf i l  laminates comprising the  blade a e r o f o t l  f i t  
i n t o  t h e  blade root ,  vrhere they  a r e  Bnterspersed v i t h  g l a s s  
reinforced composite t o  malce up t h e  doveta i l  soot  f ixing.  
Currently,  b lades  f o r  the  engine development programme 
a r e  being made with the  "inter leaved" root ,  which r i g  and engine 
t e s t i n g  has shown t o  have adequate overspeed capabi l i ty .  
The " s p l i t  wedge" roo t  i s  an  a l t e r n a t i v e  cons t ruc t ion  
which i s  being looked a t ,  a s  it has a number of manufacturing 
advantages. 
R B  2 1 1  H Y F l L  F A N  BLADE 
R O O T  S E C T I O N S  - D I A G R A M M A T I C  
HYFlL vl . . .  
GLASS 
COMPOSITE 0 
INTERLEAVED ROOT SPLIT-WEDGE ROOT 
The ~ i c t u r e  opposi te  shows t h e  ac tua l  c ros s  s ec t ion  of 
an "inter leaved" Myf il f a n  blade root. 
P-ll b lade roo t s  a r e  subjec t  t o  M.D.T, (ITon i)estruct ive 
~ e s t i n ~ )  including X-ray and u l t r a son ic  checks. 
Blade root  development includes s t a t i c  t e n s i l e  t e s t i n g  
of t e s t  pieces and of f u l l  s i z e  f a n  blades as wel l  a s  blade 
spinning. 

N E W  ENVIRONMENTS FOR ENGINES 
W a r n e r  E. S t e w a r t  
The a i r b r e a t h i n g  engines f o r  t h e  s h u t t l e  w i l l  be subjected t o  
envi ronments never be fo re  faced by j e t  engines i n  commerc i a l  o r  m i  l l t a r y  
serv ice.  The engine s t r uc tu res  and m a t e r i a l s  must su r v i ve  t he  launch 
loads and v i b r a t i o n ,  t h e  r e e n t r y  hea t i ng  temperatures, and t h e  space 
soak temperatures. L u b r i c a t i o n  f l u i d s  have t o  be p ro tec ted  aga ins t  
evapora t ion  du r i ng  vacuum exposure. Outgassing o f  non-metal l i c s  must 
be considered. Space r a d i a t i o n  may a f f e c t  c e r t a i n  m a t e r i a l s  and f l u i d s .  
The engine must s t a r t  r e l i a b l y  i n  f l i g h t  a f t e r  exposure t o  t h e  new 
environments. Some o f  these items a r e  covered i n  t h e  d iscuss ion  t o  
f o l  1 ow. 
NEW ENV RONMENTS FOR ENG 
LAUNCH LOADS & V 
REENTRY HEAT NG TWPERATURES 





W i l l i a m  R. C o l l i e r  
The space s h u t t l e  environment i n t r o d u c e s  two major problems i n  t h e  a r e a  of 
the  l u b r i c a t i o n  system. These a r e  a s s o c i a t e d  w i t h  t h e  space environment 
and use of cryogenic  f u e l .  
A p o t e n t i a l  problem i s  cold-welding of metal p a r t s  which a r e  i n  i n t i m a t e  
c o n t a c t  a t  very low p r e s s u r e s .  Although t h i s  phenomenon may not  be a  
s e r i o u s  concern based on a v a i l a b l e  s p a c e c r a f t  exper ience ,  i t  war ran t s  f u r t h e r  
i n v e s t i g a t i o n  i n  c e r t a i n  key a r e a s  such a s  b a l l  o r  r o l l e r  bear ings .  S p e c i a l  
c o a t i n g s  o r  d r y  f i l m  l u b r i c a n t s  may be r e q u i r e d  t o  i n h i b i t  cold-welding of 
these  p a r t s ,  i n  t h e  c a s e  of t h e  o r b i t e r ,  t h e  main s h a f t  bear ings  should be 
f u l l y  unloaded and v i b r a t i o n  l e v e l s  a r e  expected t o  be low, t h u s  i t  is  u n l i k e l y  
t h a t  s u f f i c i e n t  u n i t  load ing  \ v i l l  occur  t o  cause t r o u b l e .  
Another p o i n t  of concern i s  t h e  danger of b r i n n e l l i n g  t h e  bear ings  dur ing  
t h e  launch phase.  Experience has  i n d i c a t e d  t h a t  b r i n n e l l i n g  problems call 
occur dur ing engine shipment, when sub jec ted  t o  v i b r a t o r y  and impact load ing  
viith t h e  r o t o r  s t a t i o n a r y .  S ince  t h e  t ime dur ing  launch when t h e  eng ines  
w i l l  be exposed t o  high v i b r a t i o n  l e v e l s  i s  r e l a t i v e l y  s h o r t ,  t h i s  problem 
may bc i n s i g n i f i c a n t .  I f  i t  does occur ,  t h e  engines  could be motored slowly 
during t h e  launch t o  cont inuously r e s e a t  t h e  b e a r i n g s .  
NE LUBR ON SYSTEM 
CURRENT ACTIVITY DIRECTED TOWARD MODIFICATION OF THE ENGINE 
LUBE SYSTEM I N  CONSIDERATION OF: 
ENVIRONMENT 
- POTENTIAL H IGH VACUUM 
- TEMPERATURE 
- ISOLATION 
@ COOLING DURING ENGINE OPERATION 
- OIL TO AIR HEAT EXCHANGER 
@ BEARING LIFE & RELIABILITY 
- BRlNNELLlNG 
- 
"COLD WELD I NG " 
Current engine technology employs a  dry-sump Lubricat ion system with the 
bulk of t he  o i l  s t o r ed  ii-i an ex t e rna l  t ank .  O i l  i s  suppl ied  t o  a l l  bearings 
and gea r s  by an engine dr iven gear- type main o i l  pump, and seaverged from 
the  sumps and gearboxes by nlul t iple  elenlent scavenge pumps. I t  i s  then 
deaerated,  cooled,  and re turned  t o  t he  tank .  
The vacuum environment, p a r t i c u l a r l y  f o r  t he  o r b i t e r ,  w i l l  expose t he  engine 
t o  p r e s su re s  a s  low a s  i n .  Bg, This  could cause evaporat ion o r  outgassing 
of r e s i d u a l  f l u i d s  through the  s h a f t  s e a l s  and engine vent ,  wi th  pos s ib l e  
depos i t ion  on c r i t i c a l  sur faces  of t he  veh i c l e .  This  problem can be c o n t r o l l e d  
by i s o l a t i n g  t h e  o i l  i n  t he  tank by shutof f  valves o r  diaphragms u n t i l  t h e  engine 
i s  read ied  f o r  use .  The temperature environment of t he  o i l  tank must a l s o  be 
such a s  t o  prevent  f r eez ing  of t h e  o i l ,  o r  a  hea t ing  element may be r equ i r ed .  
A l t e rna t e  o i l s  such a s  s i l i c o n e  types w i l l  a l s o  be considered from the  s tand-  
po in t  of improved thermal c h a r a c t e r i s t i c s .  
The f a c t  t h a t  t h e  booster  veh ic le  w i l l  be subsonic i n  i t s  f l i g h t  app l i ca t i on  
permits  t he  use of ram a i r  f o r  cool ing t h e  o i l .  A i r / o i l  coolers  could be 
mounted i n  t h e  i n l e t  duc ts  of t he  engines.  This  type of cooler  would be h igh ly  
de s i r ab l e  from a  system r e l i a b i l i t y  and s a f e t y  s tandpoin t ,  but would be 
gene ra l l y  heavier  than i t s  f u e l / o i l  counterpar t .  The technology f o r  such a 
hea t  exchanger i s  in-hand, and i t  has t h e  advantage of keeping t he  lube system 
f u r  each engine e n t i r e l y  self-contained,  minimizing t he  number of i n t e r f a c e s  
with t h e  vehic le .  
LUBE SYSTEM SCHEMAT 
TANK ISOLATION VALVES 
OR D l APHRAGMS 
PRESSURIZATION 
RUBBING SEALS 
ENGINE MATERIALS & STRUCTURES 
The use of cur ren t  a i rbrea th ing  a i r c r a f t  engine technology i n  the  space 
s h u t t l e  vehic les  r equ i r e s  t h a t  t he  ma te r i a l s  used i n  the  engines be 
c a r e f u l l y  reviewed i n  l i g h t  of the  pressures  and temperatures t o  be 
encountered i n  the  space environment. These condit ions w i l l  be considerably 
more severe i n  t he  o r b i t e r  which must withstand up t o  30 days i n  o r b i t  
than  i n  t he  boos ter .  This  s l i d e  p re sen t s  a  t yp i ca l  l i s t  of t he  ma te r i a l s  
c u r r e n t l y  used i n  engines. 
I t  i s  expected t h a t  the  me ta l l i c  ma te r i a l s  w i l l  be unaffected by the  o r b i t e r  
environment, however, t he  non-metallic organic ma te r i a l s  can s u f f e r  varying 
-5 degrees of damage due t o  t he  low pressure  (10 t o  Torr)  and temperature 
va r i a t i ons  (-200 t o  + 300 F i s  poss ib l e ,  depending on the i n s t a l l a t i o n ) .  
For tuna te ly ,  the Viton A elastomer commonly used f o r  t he  O-ring s e a l s  and the  
Teflon used f o r  f u e l  and lub r i can t  hoses, a r e  among the  b e t t e r  elastomers 
t e s t e d  f o r  spacecraf t  use.  Most spacecraf t  eva lua t ions ,  however, have not  
covered the e n t i r e  poss ib le  temperature range f o r  t he  o r b i t a l  soak condi t ion .  
The s t r u c t u r a l  s t a b i l i t y  of various p l a s t i c s  and pot t ing  compounds used i n  
e l e c t r i c a l  components must a l s o  be i nves t iga t ed .  A l l  l ub r i can t s  and hydraul ic  
system f l u i d s  w i l l  r equi re  c a r e f u l  study t o  determine i f  mater ia l  a s  we l l  a s  
system changes must be made. 
NE MATER ALS a STRUCTURES 
FAN & COMPRESSOR SECTION 
@ TITAN I U M  ALLOYS 
@ NICKELBASEALLOYS 
COMBUSTOR & TURBINE SECTION 
@ NICKELBASEALLOYS 
SHAFTING, GEARS & BEARINGS 
@ HIGH STRENGTH STEELS 
- MARAGED 
- 9310 AND M-50 
GEARBOX 
@ ALUMINUM OR MAGNES I U M  
ALLOYS 
NON -METALL I C S 
SEALS 
@ ELASTOMER I CS 
@ V I T O N A  
OIL  HOSES 
@ TEFLON 
DUCT CAS I NGS 
@ POLYIMIDE 
A p o t e n t i a l  problem common t o  both booster  and o r b i t e r  engines a r i s e s  
from the  use of hydrogen a s  f u e l .  Considerable e f f o r t  was expended by 
General E l e c t r i c  i n  1957-1965 per iod  i nves t i ga t i ng  t he  e f f e c t s  of 
hydrogen combustion products  on t h e  high temperature a l l o y s  used f o r  
tu rb ine  hot  p a r t s .  Reductions i n  f a t i gue  and s t r e s s - rup tu re  s t r eng ths  
were noted f o r  s eve ra l  a l l o y s  when t e s t e d  i n  hydrogen combustion products  
i n s t ead  of a i r .  While these t e s t s  were genera l ly  conducted wi th  f u e l - r i c h  
combustion, t he r e  i s  evidence t h a t  t he  high water vapor conten t  of t he  ho t  
gas was a t  l e a s t  p a r t l y  respons ib le  f o r  about 10% l o s s  i n  f a t i g u e  and 
rup ture  s t r eng th .  Degradation of t he  1800°F f a t i g u e  s t r eng th  of Rene141 
i s  shown i n  S l i de  8 .  

Sl ide  9 shows the  e f f e c t  on s t ress - rupture  s t r eng th  of t h i s  a l l o y .  An 
assessment w i l l  be made of whether these e f f e c t s  w i l l  inf luence l i f e  
o r  r e l i a b i l i t y  of ma te r i a l s  used i n  t he  s e l ec t ed  engine.  
I n  add i t i on  t o  t he  e f f e c t s  of hydrogen combustion products  on hot  p a r t s ,  
ma te r i a l s  used i n  t he  f u e l  de l ivery  system t o  t he  combustor must be 
ca re fu l ly  s e l ec t ed  t o  assure  t h a t  t h e i r  mechanical p rope r t i e s  a r e  not 
harmfully degraded by l i q u i d  o r  gaseous hydrogen. 

C h a r l e s  L. J o s l i n  
The a i rb r ea th ing  engines i n  t he  Space Shu t t l e  must provide an a b s o l u t e l y  
r e l i a b l e  i n f l i g h t  s t a r t i n g  c a p a b i l i t y ,  and t he  time ava i l ab l e  f o r  t he  s t a r t  
sequence w i l l  be l imi ted .  This f i g u r e  i l l u s t r a t e s  t h a t  i n  reg ions  of low 
Mach number and h igh  a l t i t u d e ,  some on-board s t a r t i n g  system may be r equ i r ed  
t o  a s s i s t  i n  g e t t i n g  the engine up t o  s e l f  su s t a in ing  speed. A t  h igher  
speeds and/or lower a l t i t u d e s ,  ram a i r  w i l l  windmill t he  engine f o r  the  
s t a r t .  

This sketch i s  intended t o  show what i s  perhaps t he  most important  
cons idera t ion  i n  l oca t i ng  t he  a i rb r ea th ing  engines on t he  Space Shu t t l e .  
Although engine opera t ion  w i l l  be a t  subsonic f l i g h t  speeds, t he  high 
angles  of a t t a c k  and r ap id  r a t e  of descent  of the  Shu t t l e  may produce 
a r e a s  of very  i r r e g u l a r  a i r f low.  The engines must be loca ted  wi th  some 
ca re  t o  provide s u f f i c i e n t l y  undis tor ted  i n l e t  a i r f l o w  f o r  r e l i a b l e  
s t a r t i n g .  

The major elements of t he  development cycle of an a i rb rea th ing  engine 
include the  development t e s t i n g ,  q u a l i f i c a t i o n  requirements, and schedule.  
Current experience i s  based on engine development programs conducted f o r  
USAF weapons systems and f o r  commercial a i r c r a f t  app l i ca t i ons  r equ i r ing  
FAA c e r t i f i c a t i o n .  Spec i f i c  and unique space s h u t t l e  requirements have 
not yet  been f u l l y  i d e n t i f i e d .  Engine development and q u a l i f i c a t i o n  o r  
c e r t i f i c a t i o n  is  a time and d o l l a r  consuming t a sk  which grows more d i f f i c u l t  
and expensive a s  spec i a l i zed  proof t e s t i n g  requirements a r e  added. 
This s l i d e  shows the  i n t e r r e l a t i o n s h i p  between a t y p i c a l  new engine develop- 
ment schedule and t h e  NASA Space S h u t t l e  schedule a s  cu r r en t ly  planned. 
Good agreement i s  seen providing a go-ahead on t h e  engine development occurs  
e a r l y  i n  t h e  Space S h u t t l e  vehicle  program. 
NE DEVELOPMENT CYCLE 
ENG I NE DEVELOPMENT PATH 
YEARS BEFORE I.O.C. 
The types of engine t e s t s  required f o r  a t y p i c a l  a i rbrea th ing  engine 
qua l i f  i c a t i o d c e r t i f  i c a t i o n  program a r e  shown on t h i s  s l i d e .  These t e s t s  
a r e  intended t o  demonstrate t h a t  a l l  engine design requirements have been 
met p r i o r  t o  acceptance of production engines by the  customer. Many of t he  
requirements have evolved t o  meet m i l i t a r y  needs, and a r e  not p e r t i n e n t  t o  
the  Space S h u t t l e .  For example, i n f r a r e d  s igna tu re  (IRS), and exhaust smoke 
measurement may not be of i n t e r e s t .  
I n  t h e  event  t h a t  a p a r t i a l l y  developed o r  q u a l i f i e d  engine i s  se l ec t ed  and 
modified f o r  Space S h u t t l e ,  many of t he  s p e c i f i c  t e s t s  w i l l  have a l ready  
been completed reducing the  ex t en t  of the  requi red  program. 
The ac tua l  PFRT and QT t e s t  schedules have been devised t o  demonstrate engine 
performance and d u r a b i l i t y  i n  a i r c r a f t  s e rv i ce .  Extensive endurance and 
c y c l i c  opera t ion  a r e  included, r ep re sen ta t i ve  of a i r c r a f t  duty cyc l e s .  The 
r e l a t i v e l y  b r i e f  Space Shu t t l e  mission w i l l  r equ i r e  sho r t e r  l i f e  c a p a b i l i t y ,  
but w i l l  p lace  extreme emphasis on s t a r t i n g  r e l i a b i l i t y .  Hence, a new 
q u a l i f i c a t i o n  concept with rev ised  proof t e s t i n g  schedules would seem 
appropr ia te .  
CAL A RBREATH NG ENG 
(QUALIFICATION REQUIREMENTS ) 
ENG I NE TEST I NG 
@ SYSTEMS AND PERFORMANCE 
@ ENDURANCE - MECHANICAL INTEGRITY 
@ COMPATl B ILlTY - AIRCRAFT I NTEGRATIOR 
@ ALTITUDE PERFORMANCE AND OPERATI ON 
@ ENVIRONMENTAL - HOT & COLD STARTING, INGESTION, I C  ING, ETC. 
@ SERVICE LIFE - M I S S  ION ENDURANCE 
@ MI SCELLANEOUS - OVERS PEED, OVERTEMPERATURE, NO1 SE, 
SMOKE, IRS, ETC. 
@ OFFICIAL PFRT 
@ OFF I C IAL MQT 
I n  add i t i on  t o  the  engine t e s t i n g  requirements ou t l i ned  i n  t h e  previous  
s l i d e ,  much of the requi red  proof t e s t i n g  i s  completed by r i g  and bench 
t e s t i n g .  Major engine components such a s  t he  f an  and compressor a r e  run 
i n  t e s t  r i g s ,  where g r e a t e r  opera t ing  f l e x i b i l i t y  i s  ava i l ab l e  f o r  
performance mapping. More ex tens ive  instrumentat ion i s  a l s o  poss ib l e ,  
permi t t ing  thorough s t r a i n  gage, and thermocouple surveys. 
Controls  and accessory components a s  wel l  a s  b u i l t  up subsystems a r e  bench 
t e s t e d  under simulated opera t ing  condi t ions .  These t e s t s  a r e  used t o  
demonstrate t h a t  t he  many environmental and sa fe ty  design requirements 
have beefi met. Bench t e s t i n g  o r d i n a r i l y  exceeds t he  t o t a l  number of engine 
t e s t  hours, although t h e  t e s t i n g  i s  f a r  l e s s  c o s t l y .  
CAL A RBREATH NG ENG 
(QUALIFICATION REQUIREMENTS 
MAJOR COMPONEN TEST I NG 
@ PERFORMANCE & COMPATI B I L lTY  
@ ENDURANCE -LIFE, STRESS, FATIGUE, ETC. 
@ SAFETY - OVERS PEED & OVERTEMPERATURE 
CONTROLS & ACCESSORY - COMPONENT & SUBSYSTEM TESTS 
@ FUEL SUPPLY & CONTROL SYSTEM 
@ LUBE & HYDRAULIC SYSTEM 
@ ELECTR I CAL SYSTEM 
@ ENVIR.ONMENTAL - EMI, SALT ZORROS ION, FUNGUS, ETC. 
@ SAFETY - FIREPROOF, EXPLOSION PROOF, ETC. 
@ CR ITICAL COMPONENT QUAL I FICAT ION 
This  s l i d e  i l l u s t r a t e s  t yp i ca l  buildup of engine t e s t  hours i n  support 
of a  q u a l i f i c a t i o n  o r  c e r t i f i c a t i o n  program. The upper curve i s  t y p i c a l  
of a  m i l i t a r y  a i r c r a f t  engine q u a l i f i c a t i o n .  By e l imina t ing  the  t e s t  
elements not e s s e n t i a l  t o  t h e  needs of Space S h u t t l e ,  i t  is  a n t i c i p a t e d  
t h a t  t he  t o t a l  engine running hours can be considerably reduced. I n  
addi t ion ,  a f u r t h e r  reduct ion  i s  poss ib le  i f  the  s e l ec t ed  Space S h u t t l e  
engine is  based on a  developed a i r c r a f t  engine with necessary modif icat ions 
t o  t h e  f u e l  system and l u b r i c a t i o n  system. 
The experiemental f l i g h t  t e s t  program i s  o r d i n a r i l y  s t a r t e d  sho r t l y  a f t e r  
completion of the  Prel iminary F l i g h t  Rating T e s t .  Unres t r ic ted  f l i g h t  
opera t ion  is contingent  upon acceptance of t h e  Q u a l i f i c a t i o n  Tes t .  

The approximate number of t e s t  hours necessary t o  complete t he  q u a l i f i c a t i o n  
program f o r  an a i rb rea th ing  engine a r e  shown on t h i s  s l i d e .  The l e f t  column 
i s  typ i ca l  of cur ren t  a i r c r a f t  engine programs. Because of t he  r e s t r i c t e d  
opera t ing  envelope, l a c k  of a combat environment, and reduced l i f e  requirements ,  
the  Space S h u t t l e  engines can r equ i r e  l e s s  t e s t i n g  a s  ind ica ted  i n  t h e  c e n t e r  
column. Furthermore, i f  a developed o r  q u a l i f i e d  engine i s  modified f o r  Space 
Shu t t l e  use,  f u r t h e r  savings can be made i n  t h e  engine and major component 
t e s t  requirements. 
Although the  t o t a l  number of test hours can be reduced by about h a l f ,  compared 
t o  cu r r en t  a i r c r a f t  s tandards ,  i t  i s  important t h a t  t h e  modified engine approach 
ach ieves  l a rge  reduct ions  i n  t he  more expensive engine and major component t e s t  
requirements. Therefore,  t h e  reduct ion  i n  o v e r a l l  program c o s t  w i l l  be g rea t e r .  
than ind i ca t ed  by t h e  t o t a l  t e s t  hours .  

CONCLUDING REMARKS 
W a r n e r  L. S t e w a r t  
This discussion has reviewed some o f  the  mission and environmental 
requirements fac ing  the a i rb reath ing  engines f o r  the space shut t le .  
Many o f  these requirements are  new f o r  gas tu rb ine  engines. These 
inc lude the hydrogen fue l  system and exposure t o  the launch, reentry, 
and space environments. Technology studies i n  these areas have been 
i n i t i a t e d  by NASA. 
Engine design studies being conducted by two contractors have the  
primary purpose o f  determining engine features and modi f icat ions requi red  
f o r  t he  s h u t t l e  mission. Engines t yp i ca l  o f  those being considered 
f o r  the  s h u t t l e  vehic les w i l l  be selected f o r  these design studies. 
The steady-state and t rans ien t  operat ion o f  a hydrogen fue l  system 
- 
w i l l  be studied by analyzing, f a b r i c a t i n g  and t e s t i n g  such a system 
using an e x i s t i n g  engine as a t e s t  bed. Studies associated w i t h  o ther  
components and systems w i l l  be conducted as required. The purpose 
o f  t h e  technology studies i s  t o  provide a sound basis f o r  the  development 
o f  t h e  a i rb reath ing  propulsion system f o r  the  shut t le .  
